Strategies that enhance the host antitumor immune response promise to revolutionize cancer therapy. Optimally mobilizing the immune system will likely require a multi-pronged approach to overcome the resistance developed by tumors to therapy. Recently, it has become recognized that doxorubicin can contribute to re-establishing host antitumor immunity through the generation of immunogenic cell death. However, the potential for delivery strategies to further enhance the immunological effects of doxorubicin has not been adequately examined. We report herein that Chimeric Polypeptide Doxorubicin (CP-Dox), a nanoparticle formulation of doxorubicin, enhances antitumor immunity. Compared to free doxorubicin, a single intravenous (IV) administration of CPDox at the maximum tolerated dose increases the infiltration of leukocytes into the tumor, slowing tumor growth and preventing metastasis in poorly immunogenic 4T1 mammary carcinoma. We demonstrate that the full efficacy of CP-Dox is dependent on CD8 + T cells and IFN-γ. CP-dox treatment also repolarized intratumoral myeloid cells towards an antitumor phenotype. These findings demonstrate that a nanoparticle drug is distinct from the free drug in its ability to productively stimulate antitumor immunity. Our study strongly argues for the use of antitumor immunotherapies combined with nanoparticle-packaged chemotherapy.
Introduction
Cytotoxic chemotherapy is a cornerstone of cancer treatment, but it is hindered by its narrow therapeutic window imposed by poor tumor accumulation and dose limiting side effects. To address these limitations, chemotherapy can be re-packaged as nanoparticles [1] . As tumors have a porous vasculature, 10-100 nm sized nanoparticles passively accumulate in tumors because of the enhanced permeability and retention effect [2] . Nanoparticle delivery can also reduce side effects by redistributing drug accumulation away from critical organs such as the heart. This can permit administration of larger doses than is possible with free drug [3, 4] . As nanoparticle approaches attain clinical adoption and are used in combination with immunotherapeutic strategies, there is a need to elucidate how repackaging chemotherapy alters the interaction between chemotherapy and the host antitumor immune response.
Cytotoxic chemotherapy was historically considered immunosuppressive because it can cause bone marrow suppression and a subsequent reduction in leukocyte count. However, a mounting body of evidence has shown that some cytotoxic chemotherapies can stimulate an antitumor immune response [5, 6] . By simply reducing the number of cancer cells, cytotoxic chemotherapy can interfere with tumor-derived immunosuppressive signaling and create an environment conducive to a more effective immunological response [7, 8] . Cytotoxic drugs can also exert immunomodulatory effects directly on leukocyte subsets [9] [10] [11] . Finally, some cytotoxic drugs, including doxorubicin, induce immunogenic cell death (ICD), whereby inflammatory signals are generated by dying tumor cells [12, 13] . However, these effects have largely been observed using highly immunogenic tumors, or direct intratumoral injection of drug [6, 13, 14] . There is, therefore, a need to study nanoparticle conjugates of chemotherapy using clinically relevant routes of drug administration in poorly immunogenic tumor models.
We have previously developed a nanoparticle delivery system for doxorubicin (Dox), named chimeric polypeptide-doxorubicin (CP-Dox) [15] , in which multiple copies of the drug are conjugated to one end of the CP via an acid-labile bond. Drug conjugation triggers the self-assembly of near monodisperse nanoparticles~50 nm diameter. CP-Dox and similarly synthesized CP-paclitaxel [16] nanoparticles show significantly greater efficacy than free drug in multiple tumor models in different anatomic sites, and CP-Dox nanoparticles also delay the dissemination of metastases [17] . The dramatic improvement in CP-Dox efficacy led us to speculate that increased direct tumor cytotoxicity was not the sole mechanism for enhanced activity, and we hypothesized that nanoparticle formulation may improve antitumor immunity. Here, we report a comprehensive investigation of the host antitumor immune response after treatment with a chemotherapy-loaded nanoparticle. Consistent with our hypothesis, we found that CD8 + cells and IFN-γ were necessary for the full efficacy of CP-Dox, whereas their depletion had no effect in mice treated with freely dissolved doxorubicin. Our results show that the host antitumor immune response is stimulated after CP-Dox treatment, demonstrating the potential of combining nanoparticle delivery strategies with immunotherapy to improve the treatment of cancer.
Materials and methods

Cell culture
4T1-luciferase murine mammary carcinoma cells (4T1-luc) were provided by Prof. Mark Dewhirst at Duke University Medical Center. Lewis Lung carcinoma LL/2-Luc-M38 (LLC) cells were purchased from Caliper Life Sciences. Neither cell line is listed in the Database of CrossContaminated or Misidentified Cell Lines. Cells were passaged for < 5 generations before use in animal experiments. Cell lines were tested and found to be free of mycoplasma. 4T1-luc and LLC-luc were grown in DMEM (Sigma-Aldrich, St. Louis, MO) supplemented with 10% FBS, 1 mM sodium pyruvate, and 4 mM glutamine, in a 37°C, humidified, 5% CO 2 environment.
Animal studies
All animal experiments were performed in accordance with protocols approved by the Duke Institutional Animal Care and Use Committee (IACUC). BALB/c mice (Charles River, Female, 6-10 weeks old) were inoculated with 8 × 10 5 4T1-luciferase cells in the 4th mammary fat pad. Albino BL6 mice (Charles River, Female, 6-10 weeks old) were shaved and inoculated subcutaneously on the flank with 1 × 10 6 LLC-luc cells. For all inoculations, cells were suspended in serum-free DMEM at a concentration appropriate for a 50 μL injection. CP-Dox was synthesized as described in the supplementary information. Mice were treated on day 8 (post-inoculation) with free Dox or CP-Dox at the maximum tolerated dose (5 mg/kg and 20 mg/kg, respectively).
In metastasis prevention studies, tumors were surgically resected on day 15. Mice were sacrificed if they appeared moribund or lost > 15% of their baseline body weight, or if the tumor volumes exceeded 2000 mm 3 . Tumor volumes were calculated using the formula Volume (mm 3 ) = length * width 2 /2. Mice were randomized to treatment groups using the list randomizer from random.org. For CBC analysis, 100 μL of blood was drawn from mice into an EDTA coated tube (Sarstedt, Newton, NC). Samples were run on an Idexx Procyte (Idexx Operation, Inc., Memphis, TN).
Depletion studies
Mice were administered depleting antibodies or appropriate isotype control antibodies intraperitoneally (IP) for each experiment as follows: CD8 Depletion: 250 μg of anti-CD8a clone 2.43 (BioXCell, Lebanon, NH), starting day 6 and weekly thereafter. CD4 Depletion: 250 μg of anti-CD4 clone GK1.5 (BioXCell), starting day 6 then weekly thereafter. BALB/c NK cell depletion: 20 μL of anti-asialo GM1 rabbit serum (Wako Chemicals, Richmond, VA) or control rabbit serum, starting day 6, repeated every 4 days for a total of 4 injections. BL/6 NK cell depletion: 200 μg of anti-NK1.1 clone PK-136 (BioXCell) starting day 6, repeated every 4 days for a total of 4 injections. IFN-γ depletion: 100 μg of anti-IFN-γ clone R4-6A2 (BioXCell), on days 7, 9, 15 and 21. After repeated antibody injections, some mice developed a fatal anaphylactic reaction, which correlated with tumor burden. These mice were censored from survival curves since they did not meet the experimental endpoint, and antibody treatments were discontinued for the remaining mice. When more than half of the mice in a treatment group died or were sacrificed, the group was censored from the tumor regression curves to avoid skewing the mean.
Flow cytometry
Tumors were mechanically dissociated and then enzymatically degraded for 60 min at 37°C in HBSS buffer containing 5 mg/mL Collagenase Type I Gibco, Grand Island, (NY) and 0.2 mg/mL DNAase I (Roche, Indianapolis, IN) supplemented with 5% FBS. The solution was diluted in PBS and passed through 70 μm strainers. Cells were then pelleted by centrifugation and resuspended in ACK red cell lysis buffer (Quality Biological, Gaithersburg, MD) for 2 min, after which the solution was diluted with PBS. Cells were pelleted and counted by Trypan blue exclusion. One million cells were used for antibody staining. LIVE/ DEAD Fixable Aqua Dead Cell Stain (Invitrogen, Grand Island, NY) or Zombie Live/Dead Aqua stain (Biolegend, San Diego, CA) was applied for 30 min. Cells were then blocked (5% rat serum, 5% mouse serum, 1% CD16/32 (clone 93, eBioscience, San Diego, CA)) in FACS buffer (PBS with 3% FBS and 30 uM EDTA) for 30 min. Cells were then stained antibodies for 30 min, washed 2× with PBS, and then fixed with 0.4% paraformaldehyde in PBS. Antibody clone and fluorophore information can be found in the Supplementary information.
Cytokine and chemokine analysis
Tumors were homogenized in lysis buffer (20 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 0.05% Tween-20, 20-201 protease inhibitor cocktail (Roche, Indianapolis, IN)) and analyzed for protein content with a BCA assay (ThermoFisher, Waltham, MA). Samples were diluted to 1 mg/mL. 20 μL of blood was drawn into EDTA tubes for plasma analysis. Cytokine and chemokine analysis was performed on tumor and plasma samples using a Milliplex Kit (EMD Millipore, Billerica, MA) according to the manufacturer's instructions. One outlier was removed for CP-Dox tumor samples for IL-6 level and Free Dox for IL-4 level (p < 0.05, Grubbs). One outlier mouse was removed from CP-Dox plasma chemokine analysis due to hemolysis. Overall data trends and conclusions drawn were unaffected.
Statistical analysis
Statistical analyses were performed using Prism 6 (GraphPad Software). Tumor growth curves and grouped bar graphs were analyzed by two-way ANOVA or one-way ANOVA where applicable, followed by Tukey-Kramer (Tukey's) when global tests achieved significance. Eventtime plots were made using Kaplan-Meier technique and analyzed using the log-rank test or for fraction of long-term survival achieved by Fischer's Exact Test. Error bars are +/− standard error of the mean. * indicates p < 0.05, which was used as the cutoff for statistical significance.
Results
Functional T cells are required for the full efficacy of CP-dox
To test the immunomodulatory properties of doxorubicin, we used the widely studied 4T1-luc mammary carcinoma model. Inoculation with irradiated 4T1 cells confers no protection against subsequent challenge with live cells, indicating its poor immunogenicity as a cancer cell line [18] . We compared the drug's efficacy in BALB/c nu/nu mice, which lack functional T cells, to its efficacy in immunocompetent BALB/c mice. On day 0, mice were injected orthotopically in the fourth mammary fat pad with 4T1-luc. Eight days later, mice were treated with CP-Dox or freely dissolved doxorubicin (Free Dox) at their maximum tolerated dose (MTD: 20 mg/kg and 5 mg/kg, respectively) or vehicle control (PBS). In both strains of mice, CP-Dox was more effective at reducing primary tumor growth than Free Dox or PBS treatment (Fig. 1A , p < 0.05, Tukey), whereas Free Dox had no significant effect compared to PBS. CP-Dox also significantly improved overall survival in both strains compared to Free Dox and PBS, but survival of CP-Dox treated mice was significantly improved in the immunocompetent strain (p < 0.05, log-rank) (Fig. 1B ). This suggests that T cells contribute to the efficacy of CP-Dox.
CP-dox normalizes hematopoiesis in tumor-bearing mice
We next performed complete blood counts (CBC) and cytokine/ chemokine analysis on BALB/c mice with and without 4T1 tumors after CP-Dox treatment to address the potential for myelosuppression. Red blood cell count, hemoglobin level, and platelet counts were within normal limits regardless of tumor presence or drug treatment.
( Supplementary Fig. 1A -C). Although CP-Dox decreased the white blood cell count (WBC), Neutrophil count (NEUT) and Lymphocyte count (LYMPH) of non-tumor bearing mice, the mean values remained within normal limits ( Fig. 2A-C) . Implantation of mice with 4T1 tumors increased the WBC compared to healthy mice, largely driven by an increase in neutrophil count ( Fig. 2A-B) , This was consistent with our observation of the expansion of CD11b + / Ly6G + cells in the spleen and blood, and with other studies demonstrating that 4T1 induces immunosuppressive myeloid cells driven by G-CSF production [19, 20] . Importantly, CP-Dox treatment normalized WBC, NEUT, and plasma G-CSF levels, in a pattern that correlated with tumor burden ( Fig. 2A , B, D). Mice with 4T1 tumors displayed increased levels of IL-5 and IL-6, cytokines that promote a Th2 response (Supplementary Fig. 2A ). In contrast, IL-12 p40, a Th1 cytokine, was reduced ( Supplementary  Fig. 2B ), suggesting that 4T1 tumors promote Th2 responses. These phenomena were not significantly modified by drug treatment.
CP-dox increases intratumoral cell death and leukocyte infiltration
We next hypothesized that intratumoral leukocyte infiltration and cytokine signaling are altered by CP-Dox treatment, thus we analyzed 4T1 tumors by flow cytometry or multiplexed cytokine/chemokine assay. CP-Dox induced larger amounts of cell death compared to Free Dox and PBS (p < 0.05, Tukey's, Fig. 3A ). We next determined the intratumoral levels of seven different leukocyte recruiting chemokines (CCL2-5, CXCL1, 2, 10). We noted a general trend towards higher levels of each chemokine in CP-Dox treated tumors ( Supplementary Fig. 3 ). To quantitatively confirm this observation, the levels of each chemokine were normalized to the mean level of each cytokine in PBS treated mice, and the normalized values were then averaged by drug treatment. This PBS-normalized average of chemokine levels was significantly increased in CP-Dox treated mice (p < 0.05, ANOVA, Fig. 3B ). These changes correlated with a significant increase in leukocyte invasion and accumulation within tumors treated with CP-Dox (p < 0.05, Tukey's, Fig. 3C ), so that more than two thirds of the live cells in a CP-Dox treated tumor were leukocytes.
To dissect the identity of tumor infiltrating leukocytes, CD45 + cells were then gated by flow cytometry on the pan-T cell marker CD3 and quantified as a percentage of live cells in the tumor (Fig. 3D) . CP-Dox increased the percentage of T cells in the tumor compared to PBS (p < 0.05, ANOVA, Tukey's). CD8 + cells made up a larger percentage of the live cells within the tumor after CP-Dox treatment in comparison to Free Dox (p < 0.05, ANOVA, Tukey's, Fig. 3E ). There was also a trend towards increased helper T cells -defined as CD4 + T cells-in CP-Dox treated mice compared to PBS (p = 0.056, ANOVA, Tukey's, Fig. 3F ). Overall these results demonstrate that CP-Dox mobilizes the recruitment of lymphocytes involved in the adaptive immune system.
CD8 + cells, but not CD4 + cells or NK cells, are required for full efficacy of CP-dox in 4 T1
To determine which T cell subsets contribute to the efficacy of CPDox, we examined the effect of antibody-mediated depletion of CD8 + or CD4 + cells on the treatment response of 4T1 tumors. CD8 depletion drastically reduced the efficacy of CP-Dox (p < 0.05, Tukey's, logrank, Fig. 4A ), but conversely had no effect on tumor growth or survival in Free Dox or PBS treated mice. In contrast, CD4 depletion had no significant effect on the tumor growth or survival in any of the drug treatment groups (Fig. 4B) . These results suggest that the activity of CD8 + T cells accounts for the majority of the difference in efficacy of CP-Dox in nude versus immunocompetent mice. In fact, the growth of tumors was remarkably similar in nude and CD8-depleted mice after treatment with CP-Dox, as each group had a tumor volume of approximately 600 mm 3 on Day 30 (Figs. 1A and 4A). In contrast, NK cells depletion had no significant effect on primary tumor growth or survival in any of the drug treatment groups (Fig. 4C) . Because CD8 + cells, but not NK cells, were implicated in CP-Dox mediated tumor regression, we 
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next investigated MHCI expression, which is necessary for T-cell recognition of cancer cells. As 4T1 cells were found to express substantial levels of MHCI in vitro ( Supplementary Fig. 5 ). Therefore, we selected a Lewis Lung Carcinoma model (LLC or LL/2) to examine the impact of depleted MHCI expression to further explore the roles of CD8 + versus NK cells in the antitumor effect of CP-Dox. LLC is syngeneic to C57Bl/6 mice and expresses undetectable levels of MHCI in vitro ( Supplementary Fig. 4 , middle). CD8 depletion had no overall effect on primary LLC tumor volume (p > 0.05, two-way ANOVA, Supplementary Fig. 5A ). Combined with primary tumor resection on Day 15, an increased survival trend was seen in isotype control mice for the Free Dox and PBS groups, but CP-Dox mice survival was unaffected (p > 0.05, log-rank, Supplementary Fig. 5A ). NK depletion lead to an overall increase in tumor volume independent of treatment group (p < 0.05, two-way ANOVA) and decreased the survival of CP-Dox treated mice (p < 0.05, log-rank, Supplementary Fig. 5B ). These results suggest that the antitumor activity of CD8 + T cells induced by CP-Dox requires a baseline level of MHCI expression that is necessary for CD8 + T cells to recognize tumor cells.
CP-dox treatment increases the intratumoral ratio of Th1 to Th2 cytokines and requires IFN-γ for full efficacy
We hypothesized that the CD8 + T cell response stimulated by CPDox would correlate with an increase in Th1 cytokines that are critical for coordinating a cytotoxic T cell-mediated immune response. Tumors were therefore homogenized and assessed for cytokine levels by a multiplex bead assay. The levels of the 14 cytokines that were present within the detectable range are shown in Supplementary Fig. 6 . In particular, we were interested in two Th1 cytokines (IFN-γ, IL-12 p70) and three Th2 cytokines (IL-4, IL-5, and IL-6). Although often classified as a pro-inflammatory cytokine, IL-6 has been implicated in pro-tumoral myeloid polarization [21] and in the enhancement of Th2 polarization [22, 23] , so IL-6 was included in the Th2 cytokine analysis. CP-Dox treatment significantly increased intratumoral IFN-γ levels (p < 0.05, ANOVA, Tukey's), and there was a trend towards increased IL-12 p70 for both CP-Dox and Free Dox compared to PBS (Fig. 5A ). IL-4 and IL-5 levels were similar across treatment groups, however CP-Dox significantly decreased IL-6 levels compared to Free Dox (p < 0.05, ANOVA, Tukey's, Fig. 5B ). To assess the overall effect of drug treatment on Th1 and Th2 cytokines, the level for each cytokine was normalized to the mean of PBS-treated mice and averaged. In CP-Dox treated mice, Th1 cytokines were approximately 2-fold higher, while Th2 cytokines were present at about 80% of the level of PBS treated mice (Fig. 5C , left), resulting in a significant increase in the ratio of Th1 to Th2 cytokines (p < 0.05, ANOVA, Tukey's, Fig. 5C , right). To examine the mechanistic role of IFN-γ in the efficacy of CP-Dox, mice were treated with IFN-γ depleting antibodies, which significantly reduced the efficacy of CP-Dox (p < 0.05, Student's t-test), while having no effect on PBS or Free Dox treated mice (Fig. 5D ). These results demonstrate that CP-Dox increases intratumoral IFN-γ levels, and that this increase is 
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critical for the full efficacy of CP-Dox.
CP-dox alters the phenotype of infiltrating myeloid cells
Based on our findings that CP-Dox significantly remodeled the cytokine milieu within tumors, we hypothesized that the phenotype of highly plastic myeloid cells in tumors may be similarly altered. To examine the myeloid cell infiltrate, 4T1 tumors were subjected to the gating analysis outlined in Supplementary Fig. 7 . CP-Dox showed a trend towards fewer Ly6G + cells (p = 0.10, ANOVA, Supplementary  Fig. 8A ), a subset consistently associated with suppressing the antitumor immune response [24] . The remaining myeloid cells (CD45 + / CD11b +/Ly6G-), were further gated to detect Ly6C hi /MHCII-monocytes ( Supplementary Fig. 7, bottom right) , a subset containing immature myeloid cells such as inflammatory monocytes capable of differentiating into other myeloid subsets [25, 26] . CP-Dox treated tumors contained a significantly higher percentage of these cells (p < 0.05, Tukey's, Supplementary Fig. 8B ).
After this gating process, the remainder of the cells were CD11b +/MHCII +, a group of cells often described as tumor-associated macrophages (TAMs). Interestingly, when these cells were plotted against CD11c (Integrin alpha x) and IA/IE (MHCII) expression, three distinct sub-populations emerged based on differential CD11c expression, (Fig. 6A , named CD11c low, int, and high ). As a percentage of total MHCII + cells, there was a lower number of CD11c low cells in CP-Dox treated mice compared to free Dox or PBS (9.6% vs. 16.0% and 12.6% respectively, p < 0.05, Tukey, Fig. 6B ). The other two subsets (CD11c high, int ) had similar percentages regardless of treatment. To explore the phenotypes of these cells, we applied the commonly used M1/M2 spectrum that ranges from classically activated antitumor phenotypes (type M1), defined by high expression of the cell surface marker CD80 (B7, T-cell co-stimulatory ligand) to the alternatively activated, pro-tumor phenotypes (type M2) defined by high expression of CD206 (mannose receptor) [25, 27, 28] . Histograms revealed that the CD11c low subset expressed relatively low levels of both CD206 and CD80 in PBS and Free Dox treated mice (Fig. 6C) . Interestingly, CP-Dox induced down-regulation of CD206 concurrent with up-regulation of CD80 in the CD11c low subset (p < 0.05, Tukey) (Fig. 6F) . The CD11c only the population with lower expression of CD206 remained (Fig. 6D) . Additionally, this CD11c int subset of cells displayed a clear up-regulation of CD80 in CP-Dox treated tumors (Fig. 6D) . Quantification of these shifts for the CD11c int group confirmed decreased expression of CD206 and increased expression of CD80 for the CP-Dox treated tumors (p < 0.05, Tukey) (Fig. 6G) . For the CD11c high subset, PBS-treated mice expressed relatively low levels of CD206 but very high levels of CD80 (Fig. 6E) , and neither treatment with Free Dox or CP-Dox significantly altered phenotypic marker expression (Fig. 6H) . Overall, these results suggest that CP-Dox treatment skews the mononuclear phagocyte infiltrate towards a more antitumor, M1 phenotype, which is consistent with the higher levels of Th1 signaling.
CP-dox prevention of metastasis is CD8 + T cell dependent in a surgical model of 4T1 mammary carcinoma
Drug delivery studies often focus solely on efficacy against primary tumors, despite the fact that metastasis causes the majority of cancer deaths. Previously we demonstrated that CP-Dox in combination with surgery delays the dissemination of 4T1 cells from the primary tumor, leading to cure in approximately 60% of mice [17] . To determine the role CD8 + cells play in CP-Dox's ability to interfere with metastasis, CD8 depletion was included in addition to drug treatment and primary tumor resection. CP-Dox treatment prolonged the metastasis free survival of mice in both the CD8 depleted (p < 0.05, log-rank, Fig. 7 ) and the isotype control groups (p < 0.05, log-rank). CD8 depletion had no effect on the survival of mice in the PBS and Free Dox treatment groups. However, in the CD8 depleted mice treated with CP-Dox, all mice succumbed to metastatic disease by day 60 as confirmed by luciferase imaging and post-mortem examination, resulting in a significantly lower survival rate (0% vs. 60%, p < 0.05, Fisher's Exact). These results show that CP-Dox requires the presence of CD8 + cells to prevent metastasis and achieve a long-term cure in combination with surgery.
Discussion
We have shown in this study that a single intravenous injection of a nanoparticle formulation of doxorubicin dramatically alters the host antitumor immune response, stimulating CD8 + T cells to limit tumor growth and prevent metastasis in immunocompetent mice with 4T1 mammary carcinoma. We have also shown that CP-Dox increases the ratio of Th1 to Th2 cytokines in the tumor and that IFN-γ depletion reduces the efficacy of CP-Dox. Our data extends the work of many other groups who have elucidated the intricate signals mediating the host antitumor immune response and its involvement in the efficacy of chemotherapy. The critical role of IFN-γ and CD8 + T cells in the efficacy of intratumorally injected doxorubicin was recently demonstrated in carcinogenically induced tumors [6] . Similarly, a recent study showed that Doxil and doxorubicin were more effective in immunocompetent mice and demonstrated synergy with checkpoint blockade in CT26 colon carcinoma [29] . This study is particularly relevant to our work because Doxil also employs a nanoparticle delivery system, a PEGylated liposome. However, our current work is distinct from prior studies by demonstrating the immunomodulatory effects of doxorubicin in mice treated with a nanoparticle delivery system in poorly immunogenic 4T1 mammary carcinoma. Here we define immunogenicity of a cell line based on whether pre-treatment with irradiated cells confers a survival advantage to mice after subsequent live cell challenge, which is effective in CT26 [13, 30] , but not 4T1 [18, 31] .
Despite the poor immunogenicity of 4T1, there is evidence that 4T1 harbors mutations capable of recognition by the immune system [32, 33] , albeit fewer than CT26 [34] . Furthermore, 4T1 expresses MHCI, which should render the neo-antigens detectable. Nonetheless, we clearly demonstrate that CD8 depletion, or even growth in athymic nude mice, does not affect 4T1 tumor growth rate in PBS treated mice. This suggests that immunosuppressive signals may neutralize the host antitumor immune response to 4T1. Based on our data, it appears that CP-Dox alters the tumor microenvironment, reducing tumor-derived signaling, and activates a latent host antitumor immune response.
The immunomodulatory effects of CP-Dox also included an increase in the levels of intratumoral chemokines, which in turn led to a dramatic increase in the number of tumor-infiltrating leukocytes. CCL2-5 and CXCL10, which all trended towards induction with CP-Dox, have been tied to CD8 + T cell recruitment [35] . Interestingly, the increase in chemokine levels in CP-Dox treated tumors more specifically driven by CXCL10 and CCL5. These chemokines are ligands for the receptors CXCR3 and CCR5, which are markers of Th1 cells and suggest the preferential recruitment of Th1 cells after CP-Dox treatment [36, 37] . Furthermore, these chemokines have been shown to be produced by activated neutrophils, monocytes, and Th1-polarized dendritic cells, suggesting a multi-faceted alteration in the immune landscape within the tumor [38] [39] [40] .
Fundamentally, the increased expression of these chemokines is likely via CP-Dox's induction of IFN-γ, the canonical Th1 cytokine. IFN-γ drives a variety of antitumor responses, including the promotion of antigen presentation and cytotoxic T cell activity [41] . IFN-γ has been shown to be produced by cells undergoing immunogenic cell death, as well as by Th1 CD4 T cells, CD8 cells, and activated myeloid cells [42] [43] [44] [45] . Promoting Th1 immune responses and generating a CD8 + T cell response are central goals of tumor immunotherapy, making CPDox a promising complementary treatment in immunotherapy regimens [46] [47] [48] .
In addition to T cell immunomodulators, there has been considerable effort dedicated to strategies to repolarize pro-tumor M2 cells into the M1 subset that supports an effective antitumor immune response [27, 28, 49] . Consistent with prior work with 4T1, we identified a significant myeloid cell infiltrate [50] . We characterized this myeloid . CP-Dox prevention of metastasis is CD8 + T cell dependent in a surgical model of 4T1 mammary carcinoma. Metastasis free survival of mice inoculated with 4T1 and treated with CD8 depleting antibody or isotype control along with drug treatment and primary tumor resection (n = 7:5 CP-Dox, 6:5 Free Dox, 4:3 PBS for α-CD8:Iso Ctrl). CD8 depletion had no effect on the survival of Free Dox or PBS mice, but in CP-Dox treated mice, no mice survived to the end of the experiment in the setting of CD8 depletion (p < 0.05, Fisher's Exact).
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infiltrate and tumor associated macrophages (TAMs) and identified a group of cells that were highly skewed towards the pro-tumor M2 phenotype (herein referred to as CD11c int , a subset of the CD11b +, MHCII +, Ly6G-cells) based on high levels of CD206 and low levels of CD80 expression [51, 52] . While expression of mannose receptor complex (CD206) itself does not directly promote tumor growth, its expression is induced by the same genetic programs that promote tissue remodeling, angiogenesis, and immunosuppressive cytokines. Furthermore, the expression of CD206 is downregulated by IFN-γ [52] . CD206 hi cells have been shown to promote the motility and metastasis of cancer cells [53, 54] . CP-dox treatment resulted in phenotypic repolarization of these cells in our study, consistent with increased Th1 signaling in the tumor, and may account for the enhanced cell-mediated immunity in CP-Dox treated tumors. Overall, our studies contribute to the growing evidence that effective anticancer therapies can productively manipulate the phenotype of infiltrating myeloid cells [55] .
In conclusion, our data show that the adoption of nanoparticle delivery strategy for doxorubicin can trigger potent antitumor immunomodulatory effects upon systemic administration, likely through increased delivery of drug to the tumor to reach the threshold required to reveal the immunomodulatory properties of the drug. If the host immune response can be recruited by nanoparticle delivery strategies, they may achieve a level of efficacy beyond that which would be predicted by a simple linear model relating efficacy and intratumoral drug levels. This study strongly argues for the use of nanoparticle delivery systems in future combinations of chemotherapy and immunotherapy [56, 57] . 
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